a b s t r a c t A brain circuit (the accessory olfactory system) that originates in the vomeronasal organ (VNO) and includes the accessory olfactory bulb (AOB) plus additional forebrain regions mediates many of the effects of pheromones, typically comprised of a variety of non-volatile and volatile compounds, on aspects of social behavior. A second, parallel circuit (the main olfactory system) that originates in the main olfactory epithelium (MOE) and includes the main olfactory bulb (MOB) has also been shown to detect volatile pheromones from conspecifics. Studies are reviewed that point to specific roles of several different steroids and their water-soluble metabolites as putative pheromones. Other studies are reviewed that establish an adult, 'activational' role of circulating sex hormones along with sex differences in the detection and/or processing of non-steroidal pheromones by these two olfactory circuits. Persisting questions about the role of sex steroids in pheromonal processing are posed for future investigation.
Introduction
Pheromones are compounds of varying chemical structure that are excreted in bodily fluids (e.g., urine, feces, tears, or sweat) from individuals of a species which are detected by the olfactory nervous system of a conspecific so as to influence aspects of its neuroendocrine and/or behavioral function (Karlson and Luscher, 1959; Meredith, 2001) . Some authors (McClintock, 2002) have subdivided mammalian pheromones into 4 groups according to functions that include 'release' of some stereotyped behavior, 'priming' of some neuroendocrine response, 'signaling' a social status, or 'modulating' some ongoing behavior or psychological process. We will make no explicit distinction among any of these types of function in our use of the term 'pheromone'. We also note that some authors (Petrulis, 2013) prefer to avoid use of the term 'pheromone' to refer to the general class of chemical signaling molecules that influence conspecifics' behavior/neuroendocrine functions because relatively few compounds produced in mammals (as opposed to insects) meet all of the rigorous criteria originally used to define a 'pheromone'. Chief among these is the notion that an authentic pheromone is a single compound that elicits a response that is 'hard wired' and unaffected by prior experience. We prefer to retain the use of the word 'pheromone' as a convenient term that refers to any mammalian chemosignal that influences a conspecifics' behavior. Note that we also use the term, 'pheromone' to refer to yet-to-be specified combinations of different 'signature mixtures' of compounds that influence conspecifics' behavior (Wyatt, 2010) . We think it is pointless to argue over the strict 'pheromonal' status of each compound that has been/will be identified as exerting an influence on mammalian neuroendocrine or behavioral function.
In rodents and other terrestrial vertebrates the vomeronasal organ (VNO) was previously considered to be the primary, if not the sole, 'pheromone detection system' (Chamero et al., 2012; Tirindelli et al., 2009) . VNO receptor neurons located in the roof of the mouth extend axons to glomeruli located in the accessory olfactory bulb (AOB) where they synapse onto the dendrites of AOB mitral cells which extend axons to the medial amygdala (MeA; part of the 'vomeronasal amygdala') (Kevetter and Winans, 1981a) . Neurons in the MeA project, in turn, to hypothalamic targets including the bed nucleus of the stria terminalis (BNST), the medial preoptic area (mPOA), and the ventromedial hypothalamus (VMH). Individual VNO sensory neurons express a single receptor protein (encoded by one of 2 separate gene families of $250 genes) that presumably detect specific pheromones, although specific pheromonal ligands for specific receptor proteins have yet to be identified (Dulac and Axel, 1995) . Many investigators believe that VNO sensory neurons respond mainly to non-volatile pheromones (which may be peptides or even larger proteins). In some instances, large proteins (e.g., lipocalins) may bind and deliver smaller pheromonal molecules (e.g., 2-secbutyl-4,5-dihydrothiazole) to the VNO neuroepithelium (Novotny, 2003) . The relatively heavy, nonvolatile compounds (as well as sulfated steroids and perhaps even unconjugated sex hormones; see below) are dissolved in mucus and gain access to the VNO neuroepithelium via a vascular pumping mechanism controlled by the sympathetic innervation of blood vessels in the VNO (Meredith and O'Connell, 1979) . The main olfactory epithelium (MOE) is clearly the detection system for all general (non-pheromonal) odorants present in the environment (Xu et al., 2000) . Olfactory receptor neurons in the MOE express a single receptor gene from a large family of $900 different genes (Buck and Axel, 1991) . MOE olfactory neurons expressing the same receptor gene extend axons to 1-2 specific glomeruli located on the surface of the main olfactory bulb (MOB) where they synapse with dendrites of mitral cells that project extensively to diffuse target sites in the olfactory tubercle and in the anterior as well as the posterior piriform cortex (Sosulski et al., 2011 ). An early study (Kevetter and Winans, 1981b) demonstrated that a subset of MOB mitral cells also project to cortical amygdaloid nuclei ('olfactory amygdala'). However, more recent studies (Kang et al., 2009; Pro-Sistiaga et al., 2007; Thompson et al., 2012) showed that there is a subpopulation of MOB mitral cells that also project directly to the MeA ('vomeronasal amygdala'). There is considerable evidence from numerous studies conducted over the past 20 years that several volatile chemicals (including the androgenic steroid, androstenone) function as pheromones that influence aspects of behavior and neuroendocrine function after their detection by a specialized population of receptor neurons in the MOE. A summary of the neuroanatomy of the accessory and main olfactory systems in the mouse, including projection targets to the forebrain, is provided in Fig. 1 . Note that there exist at least two, additional, specialized components of the mammalian olfactory nervous system (i.e., the septal organ of Masera and the Grueneberg ganglion) whose possible role in pheromonal processing has yet to be determined (Brennan and Zufall, 2006) , In this review we will first consider evidence pointing to specific steroid molecules that function as pheromones in their own right. Next we will review literature showing that there are both sex differences in pheromone detection and processing as well as adult, activational effects of circulating sex hormones on the neuronal processing of pheromones. In many instances, perinatal sex Fig. 1 . Cartoon representation of the accessory (left) and main (right) olfactory systems in the mouse. Light shading shows areas that receive direct input from the main olfactory bulb; dark shading shows areas that receive direct input from the accessory olfactory bulb. In the amygdala, light shading indicates the olfactory amygdala and dark shading indicates the vomeronasal amygdala. The open arrow in the main olfactory pathway represents a recently identified direct connection to the medial amygdala from the main olfactory bulb. Abbreviations: VNO, vomeronasal organ; AOB, accessory olfactory bulb; MeA, anterior medial amygdala; MePD, posterodorsal medial amygdala; PMCo, posteromedial cortical amygdala; ACo, anterior cortical amygdala; PLCo posterolateral cortical amygdala; BNST, bed nucleus of the stria terminalis-lateral (L) and medial (M) subdivisions; mPOA, medial preoptic area; VMH, ventromedial hypothalamic nucleus; VTA, ventral tegmental area; Acb, nucleus accumbens-core (C) and shell (S); MOE, main olfactory epithelium; MOB, main olfactory bulb; AON, anterior olfactory nucleus; OT, nucleus of the olfactory tract, Pir, piriform cortex; Ent, entorhinal cortex. Reproduced with permission (Baum, 2009). differences in the neural actions of circulating testosterone (or of estradiol formed directly in the brain from circulating testosterone) in the male will be linked to adult sex differences in pheromonal processing. We then will review literature showing that subjects' sex as well as adult exposure to circulating sex hormones cause striking behavioral differences in their responses to pheromones. Throughout, we will cite examples of our own published work to illustrate each of the above topics. Finally, we will specify several topics in the general domain of sex, sex steroids, and pheromones that warrant future investigation.
2. Sex steroids and their metabolites/analogues as putative pheromones
Androgenic steroids
The early work of Signoret (1967 Signoret ( , 1970 established that the volatile androgenic steroid, androstenone, is excreted in the saliva of male pigs (boars) in breeding condition and serves both to attract the estrous female and to facilitate her receptive posturing in response to a male's mounting attempt. More recently, it was shown that females are better able than males to detect low concentrations of androstenone (Dorries et al., 1995) (more on this later) and that the main, as opposed to the accessory, olfactory system is primarily responsible for the ability of estrous sows to detect and respond to androstenone (Dorries et al., 1997) . Another, structurally related steroid, androstadienone (AND), is produced in underarm sweat of male humans. Several studies raise the possibility that AND, which is synthesized from pregnenolone (it is not a metabolite of testosterone, as is stated by many authors), signals males' reproductive status to women, and perhaps to other men as well. Polymorphisms in the olfactory receptor protein, OR7D4, are associated with variations among individual humans in their ability to detect AND and in their ratings of its pleasantness (Keller et al., 2007) . There was no distinction between men and women in the number of people who reported being unable to smell AND or androstenone in this study. However, in a previous report (Dorries et al., 1989 ) the ability to detect androstenone was more likely to diminish in boys than in girls after the age of puberty. Likewise, Hummel and co-workers (Chopra et al., 2008; Lundstrom et al., 2003) reported a decrease in sensitivity to AND in adolescent boys, compared to pre-pubertal boys, which was not observed in girls. Despite the lack of uniformity in the expression of MOE olfactory receptor proteins that are capable of detecting AND, there are several studies suggesting that AND may attract women to men or attract gay men to other gay men. In a systematic comparison of rated preferences for different underarm odors, heterosexual women preferred the smell of underarm odors from heterosexual as opposed to gay men while gay men preferred underarm odors of other gay men (Martins et al., 2005) . The authors raised the possibility that differences in the preference for the putative male underarm pheromone, AND, may underlie this profile of preferences, although this was not tested directly. Much evidence (Frasnelli et al., 2011; Trotier et al., 2000) suggests that adult humans lack functional VNO sensory neurons that extend axons to an AOB. Thus, the putative pheromonal actions of AND must result from its detection by a population of sensory neurons in the MOE and further processing of inputs along a pathway that may include the medial amygdala (Turner et al., 1978) and the hypothalamus.
Neural processing of AND
Savic and co-workers used PET scanning to compare the profile of hypothalamic neuronal activation induced by application of a very high dose of AND to the upper lip of straight vs. gay men and women as well as transgendered persons. In an initial study (Savic et al., 2001 ) AND induced hypothalamic activation in heterosexual women, but not in men. Gay men were subsequently found to show hypothalamic activation in response to AND that resembled that seen in heterosexual women (Savic et al., 2005) . Lesbian women failed to show hypothalamic PET responses to AND (Berglund et al., 2006) , and in this respect resembled heterosexual men. In another study (Berglund et al., 2008) 46 XY male to female transsexuals, who were all gynaphilic (heterosexual), showed a significant hypothalamic PET response to AND that resembled the response seen in heterosexual women. Finally, (Ciumas et al., 2009 ) significant AND-induced PET activation in the hypothalamus was seen in women with congenital adrenal hyperplasia and in whom fetal testosterone signaling was very likely higher than in the normal control women. This outcome calls into question the common assumption that fetal testosterone signaling in gestating boys is the main determinant of the reported sex difference in hypothalamic responses to AND. More research will be needed to resolve this issue. There is also a lingering question from these studies about the very high, non-physiological, concentration of AND that was applied to subjects' upper lips in all of the studies of Savic and her colleagues. Burke and coworkers (Burke et al.) ( Fig. 2 ) used fMRI to image hypothalamic responses to several different concentrations of AND in heterosexual men vs. heterosexual women. These investigators replicated the sex difference (only women showed a hypothalamic response) reported by Savic et al. (2001) in subjects exposed to the highest concentration of AND, which was delivered as a vapor using an olfactometer instead of being applied in crystalline form to the upper lip. However, when a medium concentration of AND vapor was administered, male subjects actually showed a more robust hypothalamic fMRI Fig. 2 . Panel A. F contrast depiction of male vs. female group differences in hypothalamic activation from human subjects exposed to a 'high' concentration of androstadienone. The image coordinates shown (x = 2; y = À6; z = 0) are expressed in Montreal Neurological Institute brain atlas space. Panel B. The activation of hypothalamic neuronal activity, reflected in fMRI contrast value, was significantly greater in heterosexual adult women (females) than in heterosexual adult men (males) who smelled a 'high' concentration of the putative human male pheromone, androstadienone. A reverse sex difference (men > women) in hypothalamic activation was seen when subjects were presented with a 'medium' concentration of androstadienone. No sex difference was seen when subjects smelled a 'low' concentration of this volatile androgenic steroid. Data are expressed as means; error bars reflect 95% confidence interval. Reproduced with permission from Burke et al. (2012). response to the putative pheromone than heterosexual women. No sex difference was seen in the hypothalamic response to a low concentration of AND (Fig. 2) . This set of results demonstrates the merit of studying a range of putative pheromone concentrations in comparing the detection capacity of men and women as well as the potential adult activational effects of sex hormones on pheromone detection. These new results also raise the question of whether behavioral effects of AND can be demonstrated in heterosexual men, in addition to homosexual men and heterosexual women?
Behavioral effects of AND
Several studies have assessed the ability of AND to affect neuroendocrine as well as psychological functions related to mate recognition among women. Thus, application of AND to the upper lip of heterosexual women significantly augmented salivary levels of cortisol (Wyart et al., 2007) . Surprisingly, this effect of AND on cortisol secretion (a stress hormone) was correlated with a reported increase in sexual arousal while viewing an erotic film and with a reduction in the negative mood otherwise seen in a control condition. In another study (Kovacs et al., 2004) heterosexual women were asked to rate men's faces for potential long vs. short term relationships, and while viewing the respective types of male faces they were asked to rate the pleasantness of a series of 5 different odorants, including AND. There was a significant correlation between women's rating of men's faces for long-term relationships and positive pleasantness ratings of AND. The authors argued that visual and olfactory (AND) cues interact to signal male reliability for long term romantic relationships. Another study (Saxton et al., 2008) studied the possible interaction between visual and cognitive attributes of men and AND signaling on women's ratings of male attractiveness in 3 different speed dating events. AND dissolved in a masking odor, clove oil, was applied to the upper lip as had been done in some earlier studies (Jacob et al., 2002; Jacob and McClintock, 2000) which sought to avoid any conscious perception of the presence of AND when it was presented. Application of AND, as opposed to clove oil alone or water, caused women (whose sexual orientation was not explicitly determined, although most were presumably heterosexual) to give men they encountered in 2 of the 3 speed dating events significantly higher attractiveness ratings. While not a uniformly positive outcome, these results further point to a possible AND-dependent facilitation of the effects of visual and other cognitive cues on women's perception of men as attractive romantic partners. A somewhat different outcome was obtained in another recent study (Parma et al., 2012) in which eye movements of heterosexual women were monitored while they viewed male or female faces or several different inanimate objects. Women that were studied during the preovulatory, follicular (potentially fertile) phase of the menstrual cycle showed maximal attention (viewing time) directed towards female faces (vs. male faces or inanimate objects), regardless of whether AND (dissolved in clove oil) or clove oil alone (control) was applied to the upper lip. By contrast, women studied during their luteal phase (low conception risk) preferred to watch female faces, provided they had received AND on the upper lip prior to the test. The authors argued that AND enhances intra-sex competition for mates, although their case would have been stronger had they found that the ability of AND to focus women's attention on potential competitors was highest during the fertile phase of the menstrual cycle.
Sulfated metabolites of steroid hormones
Several recent studies have identified sulfated metabolites of testosterone, estradiol, progesterone, and corticosterone, which are excreted as water-soluble compounds in the urine, as potent activators of VNO sensory neurons in mice. In an initial study (Nodari et al., 2008) Holy and co-workers isolated several sulfated steroids from female mouse urine (BALB/c strain only) which strongly stimulated electrical activity in numerous VNO sensory neurons in both male and female mouse subjects. The range of sulfated steroids capable of activating VNO neurons represented all classes of steroid hormones that are produced in mice and other mammals. No sulfated steroids were detected in male BALB/c urine, raising the question of whether sulfated steroids provide a female-specific pheromonal signal to conspecifics. To date, no data have been provided to establish specific behavioral or neuroendocrine effects of female sulfated steroids in either sex. However, confirmation of the potent activational action of sulfated steroids on the murine VNO-accessory system has been provided in several more recent publications. Thus, Meeks et al. (2010) monitored electrical activity in both VNO sensory neurons and in AOB mitral cells of male mice exposed to any of 12 synthetic sulfated steroids including sulfated androgens, estrogens, pregnanolones, and glucocorticoids. Strong activation of VNO neurons was observed in response to each type of sulfated steroids. Most AOB mitral cells responded only to a single type of sulfated steroid, whereas the response of VNO sensory neurons was less specific. Finally, whereas sulfated estrogens strongly activated VNO neurons, little activation was seen in the AOB in response to this stimulus, perhaps pointing to an inhibitory effect in the VNO-AOB circuit. In a third study from the Holy lab (Turaga and Holy, 2012) , female tetO-GCaMP2/ OMP-IRES-tTA mice that express the transgene only in MOE and VNO sensory neurons, together with objective-coupled planar illumination microscopy, were used to visualize a fluorescent calcium signal in thousands (as opposed to <100 neurons using conventional multi-electrode arrays) of VNO sensory neurons after the application of a variety of sulfated steroidal stimuli. These sulfated steroids activated consistent groups of 25-50% of all of the sensory neurons in the apical zone (abutting the lumen) of the VNO of male mice. Isogai et al. (2011) used expression of an immediate early gene, Egr1, as an index of VNO sensory neuron activation in CD-1 male mice, to monitor effects of sulfated steroids. Neurons in the apical VNO that express receptors of the V1R type showed reliable Egr-1 activation in response to several different sulfated steroids applied directly to the males' nares 40 min prior to sacrifice. VNO neurons expressing different subsets of V1R receptors were differentially activated by sulfated estrogens versus sulfated androgens or glucocorticoids. In another recent study using female mice (Celsi et al., 2012) several concentrations of different mixtures of sulfated sex and adrenal steroids stimulated calcium influx into isolated VNO sensory neurons. The results from these latter two papers are important because they represent a confirmation of the original Holy et al. reports from independent laboratories, using different methods for monitoring VNO neuronal activation. Questions remain, however, about which receptors expressed in VNO sensory neurons mediate the effects of sulfated steroids on neuronal activation and, indeed, whether sulfated steroids excreted in mouse urine exert any specific pheromonal actions in either sex.
Estradiol and the Bruce effect
When a recently mated female mouse is exposed a few days later to non-volatile urinary odors of a male from another strain, a pregnancy block ensues which is referred to as the Bruce effect, in recognition of the woman who discovered the phenomenon, Bruce (1959) . No pregnancy block occurs in response to urinary odors derived from males of the mating partner strain, presumably because the female's accessory olfactory nervous system learns to recognize the source of these odors (Brennan, 2004; Halem et al., 2001b) . The occurrence of pregnancy block in female mice is generally thought to depend on the detection and processing of urinary odors from strange males via the VNO-accessory olfactory system (Leinders-Zufall et al., 2004; Lloyd-Thomas and Keverne, 1982 ). An alternative hypothesis about the mechanism whereby urine from a strange male causes pregnancy block has been proposed by deCatanzaro and co-workers (Guzzo et al., 2012) . These workers propose that estradiol excreted in the male's urine may be ingested nasally by females, such that the pumping mechanism whereby non-volatile odorants reach the VNO neuroepithelium (Meredith and O'Connell, 1979) propels male-derived estradiol into the female's blood stream. This circulating estradiol, in turn, would be conveyed to the uterus/fallopian tubes where it disrupts implantation of the blastocyst. Supportive evidence for this hypothesis involves several observations, including the fact that castration (which eliminates the source of aromatizable testosterone in males) blocks the ability of male urine to cause a Bruce effect (deCatanzaro et al., 2006) whereas removal of androgendependent preputial and coagulating glands has no such disruptive effect on the establishment of pregnancy in recently mated females (Zacharias et al., 2000) . Also, tritium-labeled estradiol that was administered s.c. to male mice was excreted in the urine (Guzzo et al., 2010) , and when administered into the nares of female mice was concentrated in the uterus. Measurable concentrations of unconjugated estradiol were detected in bladder urine of male mice, providing further support for the deCatanzaro hypothesis. A serious shortcoming of this hypothesis is the lack of a mechanism whereby males' strain identity could be encoded in urinary estradiol, whose chemical structure is invariable among different mouse strains and across vertebrate phylogeny. Likewise, if estradiol alone were responsible for inducing the Bruce effect, why would not contact with other females (another potential source of urinary estradiol) also cause pregnancy block? Clearly, even if it turns out that VNO-dependent ingestion of male-derived estradiol into the female's blood stream contributes to the Bruce effect, some additional sex and strain-specific, male signaling molecule must exist that plays a critical role in both the Bruce effect and in insuring that the urine of the mating male's strain does not cause pregnancy block. MHC peptides excreted in urine are candidate molecules for this role (Leinders-Zufall et al., 2004) . More research will be needed to establish roles of either these MHC peptides and/or male-derived urinary estradiol in pregnancy block.
Sex differences in the detection and processing of reproductive pheromones by the accessory olfactory nervous system
The classic view is that sex differences in somatic morphology as well as in mammalian brain structure and/or function reflect either a difference in the adult, 'activational' effects of gonadal sex hormones in the two sexes and/or the perinatal, 'organizational' actions of testosterone secreted from the male's testes on developing somatic tissues or brain circuits (Baum, 1979; McCarthy and Arnold, 2011) . Sex differences in the chemical composition of rat urine have been attributed to the presence in males of preputial glands, which are 'organized' during fetal life in response to the action of testosterone (Brouette-Lahlou et al., 1991) . Lactating rat mothers spend more time displaying ano-genital licking of male vs. female pups in response to pheromones from the preputial glands that are incorporated into the male's urine (Moore and Samonte, 1986) . This is one example of many different situations in which sex differences in/activational effects of sex hormones lead to differences in the production of pheromones. It has been claimed (Kimchi et al., 2007) that female mice (like males) normally develop the neural circuits that control the expression of male-typical mating behavior and that in adult females these circuits are tonically suppressed by VNO inputs, presumably because the female VNO has not been organized in a male-typical manner by the perinatal actions of testosterone. A more recent report (Martel and Baum, 2009a ) disputes this conclusion by showing that simply administering testosterone to ovariectomized adult female mice activated a surprisingly high level of male-like mounting and pelvic thrusting behavior directed towards other females that were in estrus. This happened regardless of whether the VNO was intact or surgically removed in adult females, implying that the presence of VNO-dependent, pheromonal inputs was irrelevant to the level of male typical behavior displayed by females. Instead, a purely hormonal signal (testosterone) controls the expression of maletypical mounting behavior in this female rodent.
3.1. Using Fos gene expression to study sex differences in the detection and processing of pheromones throughout the olfactory systems
The early neuroanatomical research of Guillamon and Segovia (1997) established that the volumes of several subnuclei of brain regions that comprise the VNO-accessory olfactory projection circuit of rats (e.g., the medial amygdaloid nuclei; the bed nucleus of the stria terminalis; the medial preoptic area) are sexually dimorphic, with regional volumes being greater in males than in females. These sex differences in brain morphology are not easily explained by sex differences in circulating levels of sex hormones in adulthood. Instead, these sex differences most likely reflect the perinatal actions in the male of testosterone (acting as testosterone and/or via its neural metabolite, estradiol) (McCarthy and Arnold, 2011) . Several early studies (Baum and Everitt, 1992; Kollack and Newman, 1992; Robertson et al., 1991) showed that mating in male rats and hamsters greatly augmented the expression of the immediate early gene, c-fos, in several segments of the accessory olfactory projection circuit to the medial preoptic area. Subsequent studies, carried out in several different mammalian species, used Fos gene expression as a reporter to study the ability of pheromonal stimuli to activate neurons included in the circuits of both the accessory and main olfactory systems. In an early report (Fiber and Swann, 1996) nasal contact with pheromones contained in vaginal sections from estrous female hamsters augmented Fos expression more robustly in the medial amygdala, bed nucleus of the stria terminalis, and medial preoptic area of male vs. female hamsters. This sex difference persisted even after adult gonadectomy and 'clamping' of circulating testosterone levels, implying that hard wired (perinatally determined) sex differences in a pheromone processing circuit exist in this species. A later study (Swann et al., 2001 ) implicated the main as opposed to the VNO-accessory olfactory pathway in this sexually dimorphic processing of vaginal pheromones in the hamster. The original study of Fiber and Swann (1996) failed to see any sex differences in the Fos responses to female vaginal secretions in either the main or accessory olfactory bulbs. More recent studies with mice (details below) have, however, identified sex differences in functional responses of VNO sensory neurons to a variety of pheromonal cues. It should be noted that in contrast to hamsters, male and female rats (both sexes were gonadectomized and treated with testosterone) showed equivalent Fos responses to pheromones emitted from soiled estrous female bedding at several levels of the olfactory projection pathway, including the AOB, posterior-dorsal medial amygdala, bed nucleus of the stria terminalis, and medial POA (Bressler and Baum, 1996) . This outcome correlates with the noteworthy ability of female rats to display appreciable levels of female-oriented, male-typical mounting behavior in adult tests given following ovariectomy and testosterone treatment (Baum et al., 1974; Emery and Sachs, 1975) . As already explained, a similar capacity was seen in normal female mice that were gonadectomized and treated with testosterone in adulthood (Bakker et al., 2002; Edwards, 1971; Martel and Baum, 2009a) .
In contrast to the absence of a sex dimorphism in Fos responses to estrous female pheromones, a robust sex difference was observed in Fos responses at several central segments of the olfactory projection pathway (e.g., BNST; mPOA) after exposure of gonadectomized, estradiol-treated adult male and female rats to soiled male bedding (Fig. 3) (Bakker et al., 1996) . Importantly, an additional group of male rats that was treated neonatally with the aromatase blocking drug, ATD, later showed female-like Fos responses to soiled male bedding (Fig. 3 ). There were no effects of sex or male ATD treatment on the ability of male pheromones to augment Fos expression in the AOB, in agreement with previous studies in the hamster. These results suggest that the neural aromatization of testosterone to estradiol in the neonatal male rat brain normally defeminizes the olfactory circuit that processes male pheromones. A robust sex difference in the ability of pheromones found in soiled male bedding to augment Fos expression in the BNST and mPOA has also been obtained in the ferret (Kelliher et al., 1998) and mouse (Bodo and Rissman, 2007; Halem et al., 1999) while gonadectomized subjects were treated in adulthood with testosterone and estradiol, respectively. Male mice with the spontaneous testicular feminization mutation (which disrupts expression of the androgen receptor throughout the body) showed a female-typical profile of Fos expression in the mPOA and BNST (Bodo and Rissman, 2007) . The authors concluded that in mice (unlike rats) the perinatal actions of testosterone that defeminize the olfactory circuit that processes male pheromones do not depend on the estrogenic metabolites of this testicular steroid, but instead on the action of testosterone itself, acting upon neurons that express androgen receptors. This is confirmed by observations in estrogen-deficient male aromatase knockout (ArKO) mice which showed a normal, male-typical expression of Fos following exposure to male pheromones (Pierman et al., 2008) .
Sex differences in VNO-AOB responses to pheromones
Two separate families of seven-transmembrane receptors have been identified in the mouse VNO (Dulac and Axel, 1995) with the V1R family being expressed in the apical VNO sensory neurons that abut the VNO lumen and the V2R family being expressed in the basal zone of the VNO (receptor neurons in the two zones co-express different G proteins). An early study (Herrada and Dulac, 1997 ) reported a complex profile of sex differences in the expression of VNO receptor genes in both the V1R and V2R families of putative pheromone receptors. No statistical analyses were carried out on the data reported, thus it is difficult to draw definitive conclusions from them. Another study (Matsunami and Buck, 1997) found no sex differences in the expression of V2R VNO receptor genes in mice; however, both this study and the one by Herrada and Dulac (1997) employed gonadally intact male and female rats. This practice makes it impossible to reliably assess the contribution of adult circulating sex hormones vs. hard-wired sex differences in neuronal characteristics resulting from differences in the perinatal actions of testosterone between the two sexes. More recently, a systematic analysis using in situ hybridization of representative gene mRNAs from the V2R family (VR1 and VR4) was carried out using male and female mice that were gonadectomized in adulthood and given either no hormone, testosterone, or estradiol for several weeks prior to sacrifice (Alekseyenko et al., 2006) . In the absence of any hormone replacement, expression of the VR1 gene was significantly greater in males than in females, and adult treatment with either estradiol or testosterone tended to reduce its expression. The ability of steroid hormones to modulate VNO receptor gene expression was not linked to the expression of either estradiol receptor-alpha or of androgen receptor in VNO sensory neurons (Alekseyenko et al., 2006) . It seems likely that a centrifugal signaling pathway allows adult sex hormones to modulate VNO receptor gene expression. Perhaps perinatal exposure of males to testosterone or its metabolites masculinizes this yet-to-be identified centrifugal pathway.
Studies already reviewed show that the ability of male pheromones to activate the VNO-AOB-accessory olfactory pathway differs in the two sexes and is affected by adult exposure to sex hormones. One early study (Halem et al., 1999) asked whether VNO sensory neurons themselves show sex differences in responses to pheromones emitted from soiled bedding. The expression of Fos in basal zone VNO sensory neurons in response to male bedding pheromones was significantly higher in gonadectomized female vs. male mice, and treatment with estradiol greatly amplified the magnitude of this sex difference (Fig. 4 ). There were no consistent effects of sex or estradiol treatment on the number of Fos-ir granule or mitral cells in the AOB following exposure to soiled male bedding. The former result was extended in a study (Halem et al., 2001a) in which the expression of another immediate early gene, Egr-1, in the VNO basal zone was found to be significantly greater in female than in male mice that were gonadectomized in adulthood and given estradiol prior to being exposed to male bedding. Again, the respective AOB responses to this stimulus did not differ between estradiol-treated females and males. There was no sex difference in other gonadectomized, estradiol-treated mice that were exposed to female instead of male bedding, nor was the AOB Fos response to female bedding different between these latter two groups. In a study (Holy et al., 2000) in which electrical responses were recorded from a large number of VNO sensory neurons it was found that application of either male or female urine augmented activity in a diffuse population of VNO neurons from both sexes, although systematic statistical comparisons of results for the two sexes were not carried out. In another study (Leinders-Zufall et al., 2000) confocal calcium imaging was used to map responses to several putative male urinary pheromones in VNO slices taken from female mice. Unfortunately, no manipulations of females' sex hormone status were carried out, and male VNO slices were not studied. More recently, He et al. (2008 He et al. ( , 2010 ) studied the ability of male vs. female urinary odors to elevate intracellular calcium (an index of VNO receptor Fig. 3 . Neonatal treatment of male rats with the aromatase inhibiting drug, ATD, caused them to show a female-like profile of Fos expression in the medial preoptic area (mPOA) and the bed nucleus of the stria terminalis (BNST) after exposure to soiled male bedding pheromones in adulthood. 'Clean' = clean bedding control condition (group was comprised of 2 rats from each of the other 3 treatment conditions). The other three groups were exposed to soiled male bedding prior to sacrifice. All rats were gonadectomized in adulthood and administered estradiol prior to odor exposure and sacrifice 1.5 h later. Data are expressed as means ± SEM. * p < 0.05 comparisons with both the male group exposed to male pheromones and with the clean bedding control group. Adapted with permission from tabular data presented in Bakker et al. (1996) . activation) in VNO slices taken from male and female transgenic mice that expressed the calcium indicator, G-CaMP2. Although no actual data comparing male and female VNO slices were presented, the authors asserted that there was no sex difference in VNO responses to urine when applied to the slices. Female urine activated a larger population of VNO neurons than did male urine, and urine from different strains/individuals was reportedly encoded by the differential activation of different combinations of VNO sensory neurons. Also, increasing concentrations of urine activated increasing numbers of VNO sensory neurons. In the absence of any systematic presentation of data from male vs. female VNOs and in the absence of any effort to manipulate the adult sex hormone status of subjects, these otherwise elegant studies shed little light on the question of whether there are either organizational or activational effects of testosterone (or estradiol) on mouse VNO function.
In an early study (Luo et al., 2003) electrophysiological recordings were made in the AOB of male mice as they interacted with conspecifics of both sexes of the same vs. different strains. Importantly, AOB responses were seen only when males made nasal contact with either the ano-genital or facial regions of conspecifics. No responses to volatile odorants (including putative volatile pheromones) were seen. When they did occur, AOB responses were tuned to the sex and genetic background of these conspecifics. Again, however, no sex comparison or analysis of the contribution of activational sex hormones to the responsiveness of AOB neurons was carried out in this otherwise groundbreaking study. More recently, Ben-Shaul et al. (2010) developed an anesthetized mouse preparation in which pheromonal stimuli could reliably be delivered to the VNO sensory neurons by electrically activating the VNO pump. Recordings were taken from a multi-electrode array inserted into the ipsilateral AOB mitral cell layer. In agreement with Luo et al. (2003) and Ben-Shaul et al. (2010) confirmed that differential AOB responses were seen to male vs. female urine or saliva. Interestingly, predator urinary odors also reliably activated AOB mitral cells. Although the authors used both male and female Balb-C mice in their experiments, no systematic sex comparisons or analysis of potential, activational effects of circulating sex hormones were carried out in this study.
4. Sex differences in the detection and processing of reproductive pheromones by the main olfactory nervous system 4.1. Sex differences in the activation of the AOB by volatile pheromones acting via a centrifugal pathway As already stated, no systematic differences were found between male and female mice in the ability of soiled male (or female) bedding (which is supposed to consist primarily nonvolatile odors) to elicit Fos responses in either the granule or mitral cell layers of the AOB (Halem et al., 2001a (Halem et al., , 1999 . More recently a small subset of MOB mitral cells was identified that extend axons directly to the medial amygdala (both the anterior and posteriordorsal subdivisions) (Kang et al., 2009 ). Similar results have been obtained in the rat in which MOB mitral cells targeting both the medial amygdala (Pro-Sistiaga et al., 2007) and the AOB itself (Larriva-Sahd, 2008) have been identified. In mice the MeA projecting MOB mitral cells also extend axon collaterals to a wide expanse of targets in piriform cortex (Kang et al., 2011a; Sosulski et al., 2011) . These MOB mitral cells in females expressed Fos selectively in response to volatile urinary odors from male, but not female conspecifics (Kang et al., 2009) . The existence of a population of MOB mitral cells that target the MeA explained the previous observation (Martel and Baum, 2007 ) that exposure to urinary volatiles stimulated robust Fos responses in both the granule and mitral cells layers of the AOB of opposite-sex mice (Fig. 5) . Thus in ovariectomized female subjects (given no sex hormones), male but not female urinary volatiles stimulated Fos expression in both granule and mitral cells of the AOB (Fig. 5 top panel) , and in castrated male mice (also given no sex hormones) female but not male urinary volatiles stimulated Fos expression in both AOB layers (Fig. 5 bottom panel) . In subjects of both sexes, intranasal pre-treatment with the toxin, zinc sulfate (which destroyed MOE sensory neurons), blocked the ability of opposite-sex urinary volatiles to stimulate AOB Fos responses. A follow up study using female subjects with zinc sulfate lesions of the MOE showed that AOB Fos responses to nasal application of male urine persisted. Taken together, these results strongly suggest that AOB Fos responses to urinary volatiles occur after their detection by the MOE and processing via the MOB. These results challenge the existing dogma that pheromonal inputs to the AOB originate only in VNO sensory neurons.
In an attempt to identify the pathway whereby volatile pheromones detected by MOE sensory neurons gain access to the AOB, it was found (Martel and Baum, 2009b ) that centrifugal inputs from the MeA to the AOB convey the inputs that originated with opposite sex urinary volatiles detected by the MOE. It is especially noteworthy that the striking sex difference in the ability of male as well as female urinary volatiles to activate AOB Fos (only oppositesex pheromones were effective) occurred in mice that had been Fig. 4 . Exposure to soiled male bedding pheromones stimulated Fos expression in vomeronasal sensory neurons more strongly in ovariectomized female than in castrated male mice while both groups received estradiol benzoate (EB) as opposed to the oil vehicle (oil) for EB. Upper panels: Photomicrographs showing Fos staining in the vomeronasal neuroepithelium of (A) an EB-treated female exposed to clean bedding, (B) an EB-treated female exposed to soiled male bedding odors, and (C) an EB-treated male exposed to soiled male bedding odors. Lower panel: * p < 0.05 comparisons with same sex/hormone treatment groups exposed to clean bedding instead of soiled male bedding. Data are expressed as mean ± SEM; group sizes are given in parentheses. +p < 0.05 comparisons with each of the other groups that were also exposed to male bedding. Adapted with permission from figures shown in Halem et al. (1999). gonadectomized and given no sex hormones for several weeks. In the absence of any activational sex hormones, these results point to a hard-wired sex difference in the responsiveness of the main olfactory system to volatile urinary pheromones. Whether these observed differences depend on sex differences in the expression of MOE receptor genes and/or in sex differences in the anatomy and/or functional responses of neurons in this circuit (e.g., MOB juxtaglomerular, granule, and/or mitral cells; MeA neurons that target the AOB mitral and granule cell layers) remains to be determined. Recently, one of us (MJB and colleagues) have begun studying a transgenic mouse (Nakajima et al., 2001; Tye and Deisseroth, 2012) in which the excitatory cation channel, channelrhodopsin, can be selectively expressed in MOB or AOB mitral cells of male and female mice. It will be interesting to determine whether selective optogenetic activation of mitral cells in the MOB vs. AOB that target the medial amygdala can mimic the effects of same vs. opposite sex pheromones on electrophysiological responses of the MeA or on behavioral responses (e.g., preference for a place previously associated with pheromones from the same vs. opposite sex) in male vs. female subjects.
Sex differences in the detection and processing of volatile pheromones 4.2.1. Sex differences in forebrain regions
The Fos responses to male vs. female urinary volatiles in different forebrain regions of ovariectomized female mice (Martel and Baum, 2007) resembled the sex difference in Fos responses to soiled bedding already described, above (Bodo and Rissman, 2007; Halem et al., 1999; Pierman et al., 2008) . Thus, male, but not female (same-sex), urinary volatiles augmented Fos expression in the BNST and MPOA of ovariectomized female mice given no ovarian hormones, with a parallel (non-significant) trend being seen in the medial amygdala. This effect was absent in other females in which MOE olfactory receptor neurons had previously been destroyed with zinc sulfate. It is noteworthy that in a subsequent study (Kang et al., 2009) exposure to urinary volatiles from male, but not female, conspecifics stimulated Fos expression robustly at all levels of the forebrain olfactory projection circuit, including the medial amgydala, BNST, mPOA and ventromedial hypothalamus. This latter study was carried out using ovariectomized female mice that received estradiol followed by progesterone (mimicking the sex hormone profile of the night of proestrus). The stronger male-pheromone induced Fos responses in ovariectomized females given ovarian hormones vs. no hormone replacement points to a likely activational effect of these hormones on the olfactory processing of volatile urinary pheromones. Whereas females showed forebrain Fos responses only to male urinary odors, in castrated male mice exposure to either male or female urinary volatiles augmented Fos expression in subnuclei of the medial amygdala as well as in the BNST and mPOA (Martel and Baum, 2007) . More recently, it was found (Kang et al., 2011b ) that as in the female mouse, males possess a population of MOB mitral cells that extend axons directly to the medial Fig. 5 . Volatile urinary odors from opposite-sex mice stimulated Fos expression in both the mitral and granule cell layers of the accessory olfactory bulb (AOB) of female (Top panel) and male (Bottom panel) mice that had previously received intranasal saline (Saline Treated). Mice of both sexes that previously received intranasal zinc sulfate (ZnSO4 -Treated) to kill receptor neurons showed no such AOB Fos responses to opposite-sex urinary odors. All mice had been gonadectomized several weeks prior to intranasal Saline or Zinc sulfate treatment and subsequent urinary odor exposure; no replacement sex hormones were administered in this study. Different groups of mice were exposed either to clean air, volatiles from male urine, or volatiles from estrous female urine. Data are expressed as mean ± SEM; group sizes are given in parentheses. Group values that differed significantly from each other have different letters listed above each data bar. Adapted with permission from data published in Martel and Baum (2007). amgydala. MOB mitral cells in male mice that were retrogradely labeled by injection of cholera toxin into the medial amygdala showed augmented Fos co-expression after exposure to male (same-sex) urinary volatiles. This outcome contrasts with results obtained in female mice (Kang et al., 2009 ) in which female (same-sex) urinary volatiles failed to stimulate co-expression in MOB mitral cells that were retrogradely labeled by cholera toxin injected previously into the MeA. Presumably, opposite sex, female urinary volatiles would also stimulate Fos in MeA-projecting MOB mitral cells of males, although we have not yet confirmed this outcome. Future studies using optogenetics will determine whether sex differences in as well as upregulation by sex steroids of forebrain Fos responses to the same volatile urinary pheromones reflect effects of sex and/or sex steroids at the level of the MOB.
Sex differences in the MOE-MOB projection
Whereas sex differences in and activational effects of adult sex hormones on the expression of VNO receptor proteins have been reported (Alekseyenko et al., 2006; Herrada and Dulac, 1997) , no such effects of sex or sex steroids on the expression of olfactory receptor proteins in the MOE have been reported. As with the VNO, no studies have reported the expression of estradiol and/or androgen receptors in the MOE. Two early studies (Pfaff and Gregory, 1971; Pfaff and Pfaffmann, 1969) compared the ability of urinary volatiles from female rats (estrous vs. ovariectomized females) to activate electrical activity in the MOB (specific locations/cell types were not specified) and medial POA of castrated vs. testes-intact male rats. Female odors stimulated higher activity in the mPOA than in the MOB of males. However, there was no notable effect of castration (or of testosterone replacement) on the level of activity in either the MOB or mPOA of males exposed to either type of female urinary volatiles. In this context it is worth noting that the population of MOB mitral cells that extend axons to the medial ('vomeronasal') amygdala, which presumably convey pheromonal inputs to this structure, invariably extend axon collaterals widely over the piriform cortex (Kang et al., 2011a) . More research is needed to determine whether cortical processing of pheromonal inputs occurs in parallel with processing in the MeA and whether such parallel processing influences the perception of or behavioral reactions to particular pheromones.
Restrepo and co-workers developed a method for using odorstimulated Fos expression in juxtaglomerular interneurons of the MOB to map the distribution of glomeruli that were activated by particular volatile pheromones (Schaefer et al., 2002 (Schaefer et al., , 2001 . We have applied this method to ask whether a sex difference can been seen in the pattern of MOB glomerular activation shown in response to male or female urinary volatiles (Martel and Baum, 2007) . As is shown in Fig. 6 , 'hot spots' of glomerular activation were seen in the ventral MOB that stretched across the rostralcaudal extent of this structure after exposure to either male or female urinary volatiles in both sexes. Within each sex, the location of hot spots of glomerular activation appeared to be very similar after exposure to either male or female urinary vapors. However, the rostral-caudal extent of maximal glomerular activation appeared to be consistently greater in female ( Fig. 6 ; top row panels A, B and C) than in male ( Fig. 6 ; bottom row panels) subjects, regardless of whether they were exposed to male or female urinary volatiles. Recall that all mice in this study had been gonadectomized as adults and given no sex hormones prior to sacrifice several weeks later. Thus, this sex difference may be hard wired by perinatal actions of testosterone in the male. Interestingly, a parallel sex difference (female > male) in glomerular activation on the surface of the MOB was observed using calcium imaging in gonad-intact mice that were exposed to a non-pheromonal odor, butyl acetate (J. McGann, personal communication). More research is needed to determine whether perinatal and/or adult sex differences in sex hormone actions contribute to this latter sex difference. More work will also be needed to specify the existence (and origin of) sex differences and adult hormone effects on both the peripheral and central processing of pheromones in both the main and accessory olfactory circuits.
5. Sex differences in behavioral indices of reproductive pheromone detection and sexual partner preference
Sex differences in pheromone detection thresholds
As already explained, the volatile androgen, androstenone, serves as a male pheromone in pigs. Thus ovary-intact female pigs were able to detect lower concentrations of this steroid than Fig. 6 . Heat maps of glomerular activation in the main olfactory bulb of female mice (Top row) vs. male mice (bottom row) following exposure to clean air (A), male urinary volatiles (B) or estrous female urinary volatiles (C). Male and estrous female urinary volatiles activated glomeruli in an overlapping, yet distinct manner. The distribution of activated MOB glomeruli in response to both female and male urinary pheromones was larger in female than in male subjects. All mice were gonadectomized several weeks prior to urinary odor exposure; no sex hormones were given to any subjects prior to odor exposure. All subjects received an intranasal infusion of saline several days prior to the urinary odor exposure (control subjects from Fig. 4) . Adapted with permission from data published in Martel and Baum (2007) .
testes-intact males in a hunger-motivated operant task (Dorries et al., 1995) . The design of this study made it impossible to decide whether the observed sex difference in androstenone detection threshold reflected differences in adult circulating sex hormones or a hard-wired sex difference. In a related study (Baum and Keverne, 2002) , the ability of mice to show dishabituation responses to the initial introduction of increasing dilutions (decreasing concentrations) of volatile male urinary pheromones was used to look for a sex difference in pheromone detection capacity (Fig. 7) . Hybrid CBA/C57Bl6 mice that had been embryo transferred to pseudopregnant DBA mothers (newborn offspring were also reared by these same mothers) were used as subjects in order to avoid having had them be exposed to pheromones from the paternal (C57/ bl6) strain. A range of different concentrations of urine from males of this strain was used to assess detection thresholds in male vs. female mice which were gonadectomized at 3 months of age and given no replacement sex hormones. Behavioral tests began when mice were 5 months old. We avoided giving sex steroids to our gonadectomized subjects at the time of behavioral testing because pilot work had shown that hormone-free mice could perform this task. Thus any sex differences seen in detection thresholds would presumably reflect the developmental organization of hard-wired, sexually dimorphic circuits that were independent of any interacting adult, activational effect of sex hormones. Olfactory stimuli (water as well as increasing dilutions of C57Bl6 male urine) were presented in subjects' home cages on pieces of filter paper positioned behind a wire mesh to avoid direct nasal contact with the stimulus. As shown in Fig. 7 , both male and female subjects readily showed a significant dishabituation response to undiluted (1:1) male urine as well as to urine dilutions of 1:10 and 1:20 when it was first presented following successive presentations (at 3 min. intervals) of water. Females, but not males, continued to show dishabituation responses to the initial presentation of 1:40 and 1:80 dilutions of male urine. Similar results were also obtained by Pierman et al. (2006) . The observed sex difference in detection thresholds (females more sensitive than males) cannot be explained by differences in activational sex steroid actions at the time of testing since subjects had all been gonadectomized (and given no replacement hormones) more than 2 months earlier. Instead, we suggest that a hard-wired sex difference in the perception of male urinary volatiles exists, which correlates with the larger MOB glomerular response to male as well as female urinary volatiles shown in Fig. 6 . A similar sex difference (females more sensitive than males) was seen in the detection thresholds of gonadectomized mice when exposed to urinary volatiles from estrous female mice (Baum and Keverne, 2002) , which again correlated with larger MOB glomerular responses to this stimulus in females vs. males. It seems unlikely that early experience with either male or female urinary pheromones from the C57 Bl/6 inbred strain contributed to the sex differences observed in so far as subjects' first encounter with urinary volatiles from this particular strain occurred at the onset of the tests shown in Fig. 7 . Evidence of an organizational contribution of estradiol to a defeminization of olfactory detection capacity in male mice comes from the observation (Pierman et al., 2006) that ArKO male mice successfully detected lower concentrations of both male and estrous female urinary volatiles than WT control males in habituation/dishabituation tests. Evidence of an activational contribution of sex steroids to the performance of male and female mice in such habituation/ dishabituation tests comes from the observation that administering testosterone, but not estradiol or dihydrotestosterone, significantly increased the ability of gonadectomized mice of both sexes to detect low concentrations of either male or estrous female urinary volatiles (Pankevich et al., 2003) .
The use of habituation/dishabituation tests to carry out a sex comparison of pheromone detection (Fig. 7) relies on the intrinsic interest of subjects to investigate urinary volatiles from conspecifics. As a result, it is difficult to argue, conclusively, that the observed sex difference in detection thresholds reflected a sex difference solely in the function of the olfactory processing circuit vs. a sex difference in the motivational circuits that drive the investigative behavior used to assess olfactory capacity. In an attempt to avert this dilemma, we conducted an experiment (Sorwell et al., 2008) in which the ability to use decreasing concentrations of male urinary odor to locate food (a piece of cherrio) buried in one of two adjacent sand piles was compared in male vs. female mice maintained at 85% of their original body weight. All mice were gonadectomized 2 weeks prior to the onset of behavioral testing so that uncontrolled sex differences in circulating gonadal sex hormones would not influence the outcome of this study. As shown in Fig. 8 , there was a progressive decline in the ability of gonadectomized mice of both sexes to successfully locate the food reward as the concentration of the urinary odor signaling the location of food was decreased. In the absence of any hormone administration, the response profile across a declining range of urine concentrations was equivalent in the two sexes. This outcome differed from the studies (Baum and Keverne, 2002; Pierman et al., 2006 ) using a habituation/dishabituation paradigm in which females continued to respond longer than males to progressively lower concentrations of male urinary odors. As shown in Fig. 8 , when gonadectomized females were treated daily with estradiol benzoate (EB), their performance on the pheromone-signaled food finding task Fig. 7 . Female mice were better able than male subjects to detect low concentrations (urine:water dilutions of 1:40 and 1:80) of male urinary volatiles. Data shown are investigation times displayed in home cage tests by mice towards a dilution series of male urine spots (no nasal contact was allowed, thus only volatiles were detected). Stimuli (water or urine) were presented consecutively for 2 min. (1 min intervals between presentations). All mice had been gonadectomized (and not given any sex hormones) 2 months prior to behavioral testing. was significantly improved over the prior response profile established in the absence of hormone replacement. By contrast, no such improvement occurred in gonadectomized males when they were given EB. Thus when an activational sex hormone, estradiol, was administered to gonadectomized mice, a robust sex difference (females > males) in subjects' ability to detect male urinary odors was observed. In so far as this task was motivated by hunger instead of an intrinsic interest in urinary odors, it seems likely that the observed sex difference in detection threshold reflected a sex difference in the function of the olfactory nervous system. It was likely that the main, as opposed to the accessory, olfactory system allowed subjects to acquire the task in so far as nasal contact with the substrate was not required for mice to make a correct position choice of the male urine-odor baited food source. An interesting correlate of the observed EB-induced improvement in females' olfactory detection capacity was a significant reduction in sniff frequency (monitored by intranasal pressure measurements) which was greatest when females were presented with very low concentrations of male urinary odors (Sorwell et al., 2008) . Two more recent studies by one of us (JB) showed that estradiol either had no effect (Veyrac and Bakker, 2011) or reduced (Brock et al., 2010b) cell proliferation in the subventricular zone, with resultant modulation of the incorporation of new granule cells into the MOB. More research is needed to assess the possible contribution of newly born neurons to the increased pheromone detection capacity resulting from estradiol treatment in females.
Sex differences in pheromone discrimination capacity
In another study (Wesson et al., 2006) we used a 'go/no go' task with a liquid olfactometer to compare the ability of male and female mice of different genotypes (details below) to discriminate between urinary volatiles obtained from mice of different sexes/ adult gonadal status. All subjects were gonadectomized in adulthood and given daily injections of EB at the time of behavioral testing, thus any observed group differences in urinary odor discrimination capacity could not be attributed to differences in adult circulating sex steroids. We avoided testing gonadectomized mice given no steroids in this food motivated task in light of an early report (Doty and Ferguson-Segall, 1989 ) that the ability of male rats to perform a similar go/no go task involving perception of different concentrations of ethyl acetate was attenuated after castration. A similar deficit was seen in a pilot study (D. Wesson, unpublished results) using gonadectomized male and female mice given no steroids. The task required food-deprived subjects to sniff an odor port that delivered a volatile urinary odor (air blown over a 1:100 dilution of urine) emitted from a testes-intact male mouse (which cued the availability of liquid food) vs. an ovariectomized female primed with estradiol and progesterone (estrous female; which cued the non-availability of liquid food). As shown in Fig. 9 , wild type male mice (WTm) acquired this discrimination significantly more rapidly than wild type females (WTf).
A large literature (McCarthy and Arnold, 2011) has implicated estradiol, formed via the neural aromatization of testosterone Fig. 8 . Gonadectomized (GDX) male and female mice maintained on a food deprivation schedule were trained to use progressively lower concentrations of urinary odors from testes-intact male mice as a discriminatory stimulus to locate a food reward. In the absence of any hormone treatment (open circles), females (top panel) and males (bottom panel) showed equivalent detection thresholds for progressively lower concentrations of urinary odors. However, in response to daily injections of estradiol benzoate (EB), the same females showed a significant improvement in odor detection performance (top panel) whereas no effect of EB was seen in males (bottom panel). The dashed line at 60% represents the performance criterion below which subjects were deemed as having failed to detect the urinary odor concentrations presented. * p < 0.05, ** p < 0.01, two-tailed between groups t test comparisons of GDX females' odor detection performance with and without EB treatment. The number of mice tested under each endocrine condition is shown in parentheses. Reproduced with permission from Sorwell et al. (2008) . Fig. 9 . Gonadectomized, estradiol-treated wild type (WT) and aromatase knock out (ArKO) male (m) and female (f) maintained on a food deprivation schedule were trained in a 'go, no-go' task over a series of trials to discriminate between male and estrous female urinary volatiles. WT females performed better than WT males; ArKO females performed better than WT females and ArKO males performed worse than WT males on this discrimination task. Urinary vapors from testes-intact males signaled that a food reward was available (S+). Urinary vapors from estrous females (ovariectomized females given estradiol followed by progesterone; E + P) signaled that food was not available (SÀ). Data are expressed as mean ± SEM; group sizes are given in parentheses. Adapted with permission from Wesson et al. (2006) .
secreted perinatally from the testes, in brain sexual differentiation of male rodents, including mice. Likewise, recent work (Brock et al., 2011 (Brock et al., , 2010a ) also implicates estradiol, secreted prepubertally from the ovaries, in brain and behavioral sexual differentiation of female rodents. We therefore asked whether knocking out the Cyp 19 gene, which encodes aromatase, would disrupt the capacity of either male or female mice to discriminate between male and estrous female urinary volatiles. Females that lacked aromatase expression (ArKO) across development (recall that all mice received exogenous EB at the time of adult testing) were significantly better than WT control females in discriminating between male and female urinary odors. The performance of ArKO females resembled that of WT males, with ArKO males being only slightly less capable than WT males (not significantly so) in making this odor discrimination. While estradiol, formed perinatally via the neural aromatization of testosterone in the developing male rodent has been implicated in the differentiation of neural circuits that control male mating behavior (McCarthy and Arnold, 2011) , the absence of consistent differences between WT and ArKO males in urinary discrimination capacity suggest that estradiol acting in the male is not the primary determinant of the observed sex difference in the ability of WT mice to discriminate male vs. female urinary odors. Instead, our results raise the possibility that estradiol acts across development in WT females to defeminize the capacity to discriminate between male and female urinary odors. The enhanced olfactory discrimination capacity of ArKO (compared with WT) female mice was even more evident when subjects were given food reward for discriminating between urinary odors of ovariectomized female mice that either received estradiol alone vs. estradiol + progesterone (Wesson et al., 2006) . These two types of urinary odors induced very similar profiles of glomerular activation (indexed using Fos expression in periglomerular neurons) in both WT and ArKO females (Martel and Baum, 2007) , implying that the observed genotype differences in odor discrimination capacity likely reflected differences in the processing of these odors at more central segments of the main olfactory pathway. More research is needed to specify sites in the olfactory pathway where estradiol might exert its organizing action in the developing female.
Sex differences in sexual partner preference: contribution of pheromones
Numerous studies (Brown, 1977; Carr et al., 1966; Ferkin, 1992; Nyby et al., 1977) , usually carried out in rodent species, showed that mammals reliably choose to approach and investigate pheromonal cues from an opposite-sex, as opposed to a same-sex, conspecific. Typically, these sex-specific odor preferences are only expressed during the breeding season, in the presence of circulating testosterone (males) or ovarian steroids (females). It was previously found that the chemical composition of anal scent gland secretions as well as urine is significantly different in male and female ferrets (in breeding condition) (Zhang et al., 2005) . Exposure to volatile components of anal scent gland secretions stimulated distinguishable patterns of glomerular activation (again, indexed using Fos expression in periglomerular neurons) in both male and female ferrets that were in breeding condition (no sex differences were seen at the level of the MOB) . In ferrets, as in several of the above-mentioned species, a reliable sex difference was observed in the preference to investigate pheromonal cues from conspecifics, and these sexually dimorphic preferences were only expressed when gonadal steroids were circulating at the time that odor preferences were assessed. In one study (Chang et al., 2000) sexually experienced adult male and female ferrets were gonadectomized and tested for their preference to investigate (sniff) blocks of wood previously soiled with anal scent gland secretions/urine from breeding male vs. female ferrets.
No significant preference for male vs. female odors was seen in either sex when they received only the oil vehicle that was later used to deliver sex steroids subcutaneously (Fig. 10) . By contrast, when gonadectomized subjects were given EB injections continuously for 2 weeks, females showed a significant preference to investigate male over female pheromones whereas males showed no preference for either type of odor. Finally, when given TP for 2 weeks, female subjects continued to prefer to investigate male vs. female odors whereas male subjects showed a significant preference to investigate female vs. male odors (Fig. 10) . Additional research showed that bilateral nares occlusion, which blocked all access of volatile odorants to the MOE, completely eliminated the preference of male as well as female ferrets to approach opposite-sex subjects, even when a physical interaction was allowed with those stimulus ferrets (Kelliher and Baum, 2001) . Surgical VNO removal failed to block the preference of female ferrets to approach male vs. female pheromones in Y maze tests )-providing further evidence that the main olfactory system, alone, is capable of mediating the preference of ferrets for opposite-sex pheromones. Two early studies (Kelliher et al., 1998; Wersinger and Baum, 1997) used Fos expression to reveal the existence of sexually dimorphic profiles of neuronal activation in the olfactory projection circuit from the medial amygdala (which receives inputs from both the main and accessory olfactory systems) to targets in the ferret's hypothalamus, including the BNST, mPOA, and VMH. Two additional studies examined the effects of lesioning different hypothalamic regions on the preference of female and male ferrets to seek out same-vs. opposite-sex pheromones in operant tests. Thus, bilateral lesions of the VMH (but not of the mPOA) in female ferrets blocked their preference to seek out male vs. female volatile pheromones, without disrupting subjects' ability to discriminate between these same odors when they were presented sequentially in habituation/dishabituation tests (Robarts and Baum, 2007) . By contrast, bilateral lesions of the sexually dimorphic male nucleus of the POA/AH (Kindon et al., 1996; Paredes and Baum, 1995) actually reversed the normal heterosexual odor preference of male ferrets so that after receiving this lesion they preferred to approach volatile odors from other males (homosexual preference). This switch in odor preference following POA/ AH lesions implies that in the absence of this male-specific cluster Fig. 10 . Investigation (sniffing duration) directed by male vs. female ferrets towards wood blocks previously soiled with body odors from breeding male vs. female ferrets. Prior to collecting these data, ferrets were gonadectomized as adults, injected daily with testosterone propionate (TP) for 2 weeks, and allowed to have physical contact with a breeding male followed several days later by an estrous female in order to provide olfactory experience with male and female scents. Subjects were then tested at 4-week intervals while receiving daily s.c. injections of (in sequence) TP, sesame oil vehicle, and estradiol benzoate (EB). A significant preference to investigate opposite-sex pheromones was seen in gonadectomized females and males, provided an 'activational' sex hormone (TP or EB) was being administered. Data are expressed as mean ± SEM and group size is given in parentheses. of neurons in the POA/AH, male subjects would display the default, female-typical preference to seek out male odors. This hypothesis was confirmed in a study (Alekseyenko et al., 2007) showing that bilateral lesions of the male nucleus of the POA/AH in male ferrets caused them to prefer to approach volatile body odors from other male ferrets. These lesioned ferrets also showed a female-like profile of rostral medial POA Fos responses to volatile male odors. There is some disagreement about whether lesions of the POA/ AH feminizes partner preference in males of other species. Thus in rats, Paredes et al. (1998) reported such a switch in preference following lesioning of the male's POA (including but not restricted to the SDN) whereas more recently another study (Dhungel et al., 2011) reported that lesions placed in this region eliminated males' typical female-oriented preference without causing a preference reversal.
It is interesting to note that male sheep possess a sexually dimorphic cluster of neurons in the mPOA/AH (ovine sexually dimorphic nucleus; oSDN) which appears to be homologous to the nucleus described in several other mammals, including rat, guinea pig, ferret, rhesus monkey, and man. Size of the ovine SDN in male sheep is correlated with subjects' sexual orientation: males with the largest oSDN prefer to seek out and mount an estrous female whereas other males, with significantly smaller oSDNs, showed a spontaneous preference to mount other males instead of females (Roselli et al., 2004a (Roselli et al., , 2004b . It is interesting to note that Fos immunoreactivity in the mPOA/AH was significantly higher in female-oriented than in male-oriented rams that were exposed to the sight, sound and smell of either ewes or other rams (Alexander et al., 2001; Roselli et al., 2011) . In future studies it will be important to determine whether experimental destruction of the oSDN in proven, heterosexual rams will cause a reversal of their preferred mating partner to another male, and whether any such change correlates specifically with hypothalamic Fos responses to male vs. female sheep pheromones. It is noteworthy that in humans the volume of the sexually dimorphic third interstitial nucleus of the anterior hypothalamus (INAH3) is also correlated with sexual orientation (Byne et al., 2001; LeVay, 1991) . The volume of the INAH3 was significantly smaller in gay than in straight men. The extent to which the function of the INAH3 (humans) in sexual orientation reflects differential processing of pheromonal cues (e.g., AND) is not known.
Role of sex chromosome genes in odor preferences
As mentioned already, numerous experiments (Bakker et al., 1993; Baum et al., 1990; de Jonge et al., 1988; Johnson and Tiefer, 1972; Meyerson et al., 1978) have explored the contribution of organizational actions of testosterone and/or of estradiol to the differentiation of circuits that control sex partner preference and mate recognition in the male. An alternative explanation of hardwired sex differences in brain circuits that control social behavior, including the processing of pheromones, involves direct neural actions of genes expressed off either the X and/or Y chromosome during development (McCarthy and Arnold, 2011) . A model system to address this issue is the 'four core cross' murine model of sexual differentiation in which the manipulation of the expression of the testes formation gene, Sry, leads to the generation of mice with testes ('males') that are either XX or XY as well as the generation of mice with ovaries ('females') that are either XX or XY. An early study (Gatewood et al., 2006) provided evidence that developmental actions of gonadal hormones (presumably testosterone secreted in males by the testes), as opposed to genes expressed of the sex chromosomes, are responsible for the strong preference of male mice to seek out pheromones from an estrous female vs. a testes-intact male, with the reverse preference being seen in female mice. Future studies are needed to replicate and extend this work to other aspects of pheromone detection and processing. For example, Rissman and co-workers (Bonthuis et al., 2012) reported that the dosage of yet-to-be-specified gene(s) expressed of the X chromosome significantly affect mating performance in male mice. More research is needed to determine whether this behavioral effect is mediated by a modulation of the structure and function of circuits that detect and process female pheromones, perhaps in response to X chromosome genes. Specifying specific roles for particular X chromosome genes will also be required.
Feminizing role of estradiol in odor preferences
We recently asked whether estradiol makes an active contribution to the feminization of neural circuits that control olfactory mate recognition in the female mouse. The data obtained (Brock et al., 2011 (Brock et al., , 2010a contradict the widely held view that the nervous system of female mammals develops (in contrast to the male) without any active 'organizational' contribution of sex hormones. Indeed, one of us showed that during fetal development female mice must be actively protected from the potential defeminizing/masculinizing actions of any estradiol that might otherwise reach the gestating female fetus from either maternal sources or from adjacent males in utero. This protection is accomplished by hepatic secretion of alpha feto protein (AFP). Knocking out the AFP gene caused a dramatic defeminization of mating behavior capacity in female mice; this effect was rescued by preventing the fetal formation of estradiol by treating these AFP KO females with an aromatase blocking drug, ATD. Given these results, it was surprising to note (Bakker et al., 2002 ) that the capacity of female mice to display lordosis behavior in response to adult ovarian hormones and display a reliable, female-typical preference to approach male pheromones was absent in ArKO females, which lack the capacity to synthesize estradiol in any body tissues. As shown in Fig. 11 , when adult WT female mice (WT control) were ovariectomized in adulthood and treated with ovarian hormones they showed a significant preference to approach a Fig. 11 . Wild type female mice that were primed with estradiol followed by progesterone only at the time of adult testing (WT control) preferred to investigate volatile pheromones from a testes-intact male vs. an estrous female. No such preference was seen in aromatase knockout females (ArKO control) that were also primed in adulthood with ovarian hormones. Prepubertal injections of estradiol benzoate (EB) over postnatal days 15-25 reinstated the preference of ArKO females (ArKO EB) to prefer investigating male odors. Prepubertal administration of EB to WT females did not affect their later preference for male odors. Data are expressed as mean ± SEM and group sizes are given in parentheses. compartment that emitted volatile body odors from a testes-intact male vs. an estrous female mouse (Brock et al., 2011) . Administering EB daily across postnatal days 15-25 (WT EB) failed to influence the later, adult preference profile of WT females. ArKO females that received no prepubertal (P15-P25) hormones (ArKO Control) showed no preference to approach volatile odors from an intact male vs. an estrous female following adult ovariectomy and treatment with ovarian hormones. Importantly, the normal male-oriented odor preference of WT females was 'rescued' in ArKO females that were given EB over the prepubertal period (P15-P25), prior to being tested several weeks later while receiving ovarian hormones. This rescue of the capacity to display a femaletypical pheromone preference after prepubertal estradiol treatment was paralleled by a rescue of the capacity to display lordosis behavior in response to the receipt of male mounts in these same ArKO females (Brock et al., 2011) . In both instances further research is needed to specify the morphological changes in the developing olfactory circuits that are induced by prepubertal estradiol which lead to the female-typical pheromone detection and processing in adulthood.
Future directions
The possible role of sex steroids as pheromonal signaling molecules remains a matter of speculation based on a minimal amount of hard data. Surprisingly perhaps, to date the best-documented (though still controversial) example of a sex steroid that fulfills at least some of the criteria for being called a 'pheromone' is androstadienone, a component of underarm sweat in men. There is wide agreement that this steroid is detected by the main olfactory system in both men and women whereupon it activates a neural circuit that includes regions of the hypothalamus. More work is needed, using improved brain imaging methods with better resolution than fMRI or PET, to see whether the hypothalamic regions responding to androstadienone in humans correspond to those regions that respond to urinary and/or tear pheromones in mice, rats, hamsters, and ferrets. In these latter species, which all possess a functional VNO-accessory olfactory system, more research is also needed to determine whether sulfated sex steroids, known to be potent activators of VNO sensory neurons, at least in mice, exert any specific behavioral or neuroendocrine actions in this species. More research is also needed to determine whether sulfated steroids activate central segments (medial amygdala, BNST, mPOA, etc.) of the olfactory projection pathway.
Numerous studies, already reviewed, suggest that sex hormones exert activational effects on both the initial detection and the subsequent central processing of pheromones detected by either the main or the accessory systems in several mammalian model systems. Whereas estradiol receptors (both alpha and beta subtypes) and/or androgen receptors are expressed at several central levels of the putative pheromone processing circuit (e.g., MOB, medial amgydala, BNST, anterior olfactory nucleus, mPOA, and piriform cortex) (Kelliher et al., 1998; Shughrue et al., 1997) , there is no evidence of steroid receptor expression in either the VNO or MOE sensory epithelium. Future studies will determine whether testosterone and/or estradiol act selectively along this olfactory pathway to modulate pheromone processing. For example, estradiol formed via the neural metabolism of testosterone in adult male rats apparently acts mainly in the mPOA to facilitate the expression of mating (Paisley et al., 2012; Russell et al., 2012) , perhaps due to enhanced processing of pheromonal inputs from estrous females in this critical brain region. Both the main and accessory bulbs receive significant centrifugal inputs comprised of noradrenergic neurons located in the locus coeruleus, which also express androgen and estradiol receptors (Heritage et al., 1980; Shughrue et al., 1997) . Two early studies Dluzen, 1998, 2001 ) raised the possibility that the testosterone-induced enhancement of the responses of male rats to estrous female pheromones depends on the upregulation of noradrenergic signaling in the MOB. More work is needed to follow up on this possibility while extending the analysis to possible steroidal modulation of cholinergic and/or serotoninergic inputs to the MOB. Other studies (Larsen and Grattan, 2010; Larsen et al., 2008) showed that chronic exposure to male pheromones over approximately 3 weeks (the duration of pregnancy) advanced the onset of maternal responsiveness in both virgin and pregnant female mice. This behavioral action of male pheromones was linked to the birth of new neurons in the ventricular zone followed by their migration along the rostral migratory stream into the MOB. Both the morphological and parenting behavior responses to male pheromones were blocked in females that were ovariectomized or in which prolactin secretion was pharmacologically suppressed for a few days after the onset of male pheromone exposure. Ovarian steroids, together with prolactin, appear to facilitate maternal responsiveness in female mice by stimulating structural changes in the ability of the main olfactory system to process pheromonal cues. Other recent evidence (Tachikawa et al., 2013) raises the possibility that prolonged exposure of male mice to pheromonal cues from a pregnant female enhances olfactory learning in the accessory olfactory system so as to make males display robust parental behavior towards pups, once they are born. Surgical VNO removal in naïve (non-father) males caused them to display a rapid onset of female-like parental behavior towards pups, implicating the accessory olfactory system in this process. Future studies should explore the possible effects of sex steroids in brain regions that extend centrifugal inputs to both the main and accessory olfactory peripheral receptors as well as the respective olfactory bulbs of each system.
